There is a fast-growing literature examining speakers? response to real-time alterations of auditory feedback. The majority of these studies examine the response of the subject in acoustic terms. Since many subjects fail to (acoustically) compensate for the perturbation, the current experiment examines whether there are systematic articulatory responses to formant perturbation in the absence of compensation at the level of acoustics. Articulatory data is collected using a 3D Electro-magnetic-articulograph. F2 is gradually shifted up or down and preliminary results from 3 English-speaking subjects showed that two subjects show no response in their acoustics or articulation. However, the remaining speaker who did not show compensation at the level of acoustics displayed a systematic response in some articulatory variables. The acoustic effects of his response were masked because the other articulators behaved in a more variable way, making the second formant vary randomly from trial to trial. Based on these results we expect to see a spectrum of response patterns from a larger population of speakers, from total noncompensation in both acoustics and articulation, partial compensation in articulation, and global articulatory compensation, which induces the appropriate compensation at the level of acoustic output.
INTRODUCTION
Sensory feedback is an integral component of executing complex motor tasks such as speech. Feedback signals serve to regulate feedforward mechanisms, and in some loose sense 'keep them on track' (Gracco and Abbs, 1988; Guenther et al., 2006; Nasir and Ostry, 2009) Simple everyday examples serve to illustrate this point: people often struggle to articulate precisely after returning from a dental procedure which requires novocaine, lacking the tactile feedback that has been damped by local anaesthetic. Postlingually deaf individuals often have global speech impairments due to a lack of auditory feedback (e.g. Waldstein, 1990) . These simple examples show that managing sensory feedback is an essential part of normal speech production. Perturbing feedback streams in a controlled fashion has been a mainstay of research into the nature of online speech production (e.g. Namasivayam et al, 2009; Loucks and De Nil, 2006) , and in recent years, the fine-grained perturbation of auditory feedback in real-time has become computationally feasible. Researchers have manipulated fundamental frequency (Burnett et al., 1998) as well as formant frequencies (Houde and Jordan, 1998, 2002; Purcell and Munhall, 2006 ) in real-time, feeding these altered signals back to the participant such that they perceive themselves to be producing something other than they intended to. In general, these studies have found that many (though not all) subjects are capable of compensating for the acoustic perturbation, adjusting their speech adaptively such that they perceive themselves to be producing the intended acoustic target. Such results speak to a rich internal representation of acoustic/articulation correspondences. Such internal representations have been proposed in the literature (e.g. Kawato, 1989; Perkell et al, 1997; Tremblay et al, 2003; Guenther, 2003) . Indeed, it seems logically necessary that, in order to successfully compensate for an acoustic perturbation, speakers should have an implicit representation of which articulatory parameters to adjust in order to achieve this compensation. However, to our knowledge, no researcher has thus far actually examined the articulatory response to formant perturbation. It is obvious that some aspects of articulation must be changed in order to effect acoustic change, but precisely how this is achieved has not been examined. In this study we altered the second formant feedback for two Korean vowels, /e/ and /o/. These two vowels have the same (phonemic) height values, and differ in terms of frontness and rounding. F2 was chosen because it has been shown that F2 is correlated both with tongue backing and lip rounding (e.g. Perkell et al., 1993) . Indeed, phonemically speaking, back vowels are often also round, and it has been argued that this phenomena has a phonetic explanation: that lip rounding enhances the F2-lowering achieved by tongue backing (e.g. De Jong, 1995) . Since there are apparently several possible articulatory variables to adjust to achieve acoustic compensation, we were interested in whether speakers would use one, or the other, or a combination of the two to achieve acoustic compensation to online formant perturbation. This study is preliminary and exploratory. We examine the data of a single subject in detail, both in terms of acoustics and articulation. The data prove to be quite complex, and some surprising results are found, especially by examining the subject's articulatory response to F2 perturbation. The most significant finding that we report here is that, for this participant, in cases where there is no obvious response to formant perturbation in the acoustic domain nevertheless show systematic responses in some articulatory variables. Some other unexpected results are found as well, including what we might call 'anticompensation', where for /o/, tongue backing is observed both when F2 is raised (to be expected) and lowered. We also find that different articulatory strategies are deployed to compensate for F2 feedback perturbation, depending on the phonemic identity of the vowel. These results indicate that the apparent simplicity of results found for formant perturbation in the acoustic domain belie some substantial complexity at the level of articulation which will require further research and interpretation to integrate with current models of online speech production.
METHODS

Instrumentation
Articulation
Articulatory data was collected with the AG-501 Electro-magnetic Articulograph (Carstens Medizinelektronik). The 501 EMA has 16 channels which measure the horizontal (x), lateral (y) and vertical displacement (z) of the sensor, as well as its angular orientation in terms of azimuth ( ) and inclination (✓). Articulatory data is sampled at 250 Hz. Sensors were attached to 4 points on the head to correct for head movement (left and right mastoid processes, nose bridge and forehead). Additional sensors were attached to the upper and lower lips (UL, LL), mouth corners (ML, MR), and jaw (JA). Five sensors were placed on the tongue in a cross shape: from front to back, the tongue dorusm, (TD), body (TB) and tip (TT), and two additional coils on the left (TL) and right (TR) sides of the tongue, parallel to TB in the coronal plane. Here we only examine the tongue tip, body and dorsum sensors, and the upper and lower lip sensors.
Formant Perturbation
Acoustic data was recorded using a head-mounted electret microphone which does not experience interference from the EMA's electromagnetic field. All audio mixing and amplification was handled by a Yamaha MG102c mixer. The hardware cicuit for formant perturbation is shown in figure 1 . The speech signal from the microphone was amplified and split. An unaltered signal was sent to the EMA's audio recorder to align acoustics and articulation in post-processing. The signal was then split and sent to a low-pass filter and a high pass filter with the same cut-off frequency, f. The lowpass filter passes everything below f, and the highpass filter passes everything above f. This cut-off was determined on a subject-by-subject basis, and is chosen to exclude F3 from the audio signal which is altered by the formant perturbation system. The reason for this was to circumvent the possibility that F3 was spuriously identified as F2 and shifted (see below). The lowpass filtered signal was then sent to a National Instruments PXI-6052E input/output board mounted in a PXI-1002 chaassis. Real-time analysis and formant shifting was handled with a National Instruments PXI-8176 embedded controller. The altered speech signal was converted back to analogue at 10 kHz with 16-bit precision. This altered analog signal was then remixed with the highpass filtered signal. The high-frequency speech components were reintroduced back into the feedback stream to improve the naturalness of the auditory feedback. This remixed signal was then amplified, sent through a VU meter to regulate the gain, and finally played back to the subject over headphones. The gain of the system was adjusted so that the output at the headphones is approximately 80 dBA SPL.
Experimental procedure
Obtaining experimental parameters After informed consent was obtained, the subject was instructed to produce 6 repetitions each of /e/ and /o/. These tokens were recorded and used to determine the system parameters used for the experiment. The average value of the first 3 formants at the mid-point of each value was obtained manually in Praat. For each vowel, the cut-off frequency for the high-and low-pass filters was determined to be 200 Hz below the average value of F3 for that vowel. The maximal extent of F2 perturbation max F 2 was determined to be the minimum value of the differences between adjacent formants for both vowels:
The minimum difference was selected so that, over the course of formant perturbation, F2 would never 'cross over' F1 or F3. After obtaining the optimal cutoff frequencies and extent of F2 perturbation, the optimal formant tracking parameters for the real-time perturbation system were obtained. Each vowel was repeated by the subject 15 times, with the signal being low-pass filtered at that vowel's cutoff, and sent to the formant perturbation computer. Formants were derived using LPC models of order 8-12. The optimal LPC order for each vowel was determined to be the order for which the mean standard deviation of the second formant was minimized. The code to handle this was written in LabView by the second author, and has been used in previous research on formant perturbation. (e.g. Purcell and Munhall, 2006) .
Formant perturbation
After the experimental parameters were obtained, the subject's hearing was tested with a standard audiogram, and the EMA coils were attached. The subject was instructed to read a short phonetically balanced reading passage in Korean to allow them to accommodate to the presence of the sensors in their mouth. After this accommodation, the formant perturbation portion of the experiment was begun. F2 was shifted up and down for the vowels /e/ and /o/ in four blocks. Each block consisted of 4 phases. In the start phase, feedback was unaltered, and 30 repetitions of the vowel was obtained. In the ramp phase, F2 was linearly shifted up or down until obtaining max F 2. There were 50 ramp trials, and in each trial, F2 feedback was moved up or down by a step of max F 2/50. After the ramp phase, F2 perturbation was held constant at max F 2 for 30 trials. Finally, in the release phase, the perturbation was turned off, and the target vowel was repeated a further 30 times. In each trial, the Korean glyph representing the target vowel was presented on a screen for 2 seconds. The subject was instructed to produce the vowel upon visual receipt of the prompt. Each trial was five seconds apart. In between blocks, the subject was given a Korean word list to read to restore their production to normal. The order of the blocks was e-up, o-up, e-down, o-down.
Analysis
EMA data was corrected for head movement by rotating and transposing the position of the EMA sensors in terms of a co-ordinate system defined by the static head sensors such that the x y (transverse) plane was parallel to the subject's occlusal bite plane. EMA data was filtered with an 11-point Butterworth filter with a cut-off of 10 Hz to remove high frequency noise from the EMA signals. The audio recorded by the formant perturbation system was automatically aligned with the audio recorded by the EMA system by calculating a cross-correlation between two audio signals. These alignments were verified by visually inspecting the pairs of waveforms, and mis-aligned files were manually realigned. The boundaries of the vowel were manually identified and annotated in Praat. The annotations were used to extract acoustic and articulatory variables. The second formant, and the horizontal (x) and vertical (z) displacements of the upper and lower lip (UL, LL) and tongue dorsum, body and tip (TD, TB, TT) were extracted for the duration of the vowel for each trial. For each of these variables, the median value over the vowel duration was extracted, giving an 11-element vector for each trial. For kinematic data, smaller values of z indicate that the articulator is moving down, and smaller values of x indicate that the articulator is moving backward. Figure 2 shows the second formant, both of the signal recorded at the mic, and the altered feedback signal as a function of Trial number, by vowel and shift direction. Where the mic and feedback values overlap signifies the start portion and the hold and release portions of the block. It can be seen that there is compensation to the formant perturbation for moving F2 of /e/ in both directions, but only compensation for moving F2 up for /o/. Two-sided Wilcoxon rank sum tests found significant differences for F2 for e-up, e-down and o-up, (p < 0.1 ⇤ 10 7 , p < 0.0005, p < 0.5 ⇤ 10 8 , respectively) but not o-down (p = 4.1). P-values were corrected using the Bonferroni correction for multiple comparisons.
RESULTS AND DISCUSSION
Formants
The finding that the subject has no response in the o-down condition is interesting for several reasons. Firstly, the subject is otherwise sensitive to F2 perturbations, including moving the second formant down. Secondly, the subject is sensitive to F2 perturbations to /o/, as seen in the o-up results. Thirdly, there are articulatory reasons to suspect that F2 would be easier to raise for back round vowels such as /o/ than to lower. To lower F2, tongue-backing or lip rounding may be used. However, /o/ is already a back round vowel. There is only so much freedom in the articulatory system to make articulation more back and round. However, to raise F2 (compensate for the o-down condition) tongue fronting or lip spreading may be used -and there is a great deal of articulatory space to front or spread since /o/ is back and round. These points will become further complicated as we examine the articulatory data. Figure 3 shows the average articulation at the start and hold phases for each vowel, formant shift direction, and articulatory variable. Asterisks indicate a significant difference as determined by two-sided Wilcoxon tests with Bonferroni correction for multiple comparisons.
Articulation
For a legible reference, this figure is summarized in table 4. A '+' indicates that the articulatory variable was significantly greater in the hold than in the start phase, and a ' ' indicates that the articulatory variable was significantly lower in the hold than in the start phase. A blank indicates no statistically significant result for that articulatory variable and vowel.
Several items bear discussing here. The most easily interpretible result is that raising F2 feedback induces tongue-backing for o-up: TDx, TBx and TTx are all significantly lower (further back in the mouth) in the hold phase (maximum F2 perturbation) than in the start phase. F2-raising also seems to induce lip-rounding for o-up: the upper and lower lips are extended, increasing the size of the front cavity of the vocal tract, and thus lowering F2. From here, however, the articulatory findings become increasingly counter-intuitive and difficult to interpret. For e-up see some minor fronting ofthe tongue dorsum, and some raising of the tongue tip. We also see retraction of the lips, and a higher degree of lip compression as the upper lip is lowered, and the lower lip is raised. This compression may be the articulatory factor which induces F2 lowering, and we may appeal to a tube model of the vocal tract to explain this: since constriction at the maximum point of a standing wave will lower the frequency of the formant, and since all standing waves in a quarter-wavelength resonator (i.e. an oral vowel) have an anti-node at the open end of the resonator, forming a constriction with the lips would lower F2. Additionally, we see some tongue-tip raising. This is an articulatory posture reminiscent of the lateral /l/, which has the well-known effect of lowering F2. This may be an additional mechanism to enhance the lowering of F2 for /e/. The data show that two distinct mechanisms are being deployed to lower F2 in response to positive formant feedback perturbation. For the round, back vowel /o/, the tongue is backed, and the lips are extended. For the front, unround vowel /e/, the lips are compressed, and the tongue may assume a posture more similar to the lateral /l/, also lowering F2. This is interesting in articulatory terms since for /e/, there is a good deal of articulatory space to back the tongue to induce F2 lowering. However, we only see tongue backing for /o/, which is already back. The results from the downward formant perturbations are less easy to interpret. For e-down, we only see the raising of the tongue dorsum and tip. This might be explained in terms of the degrees of freedom of the articulatory system. Since /e/ is already front and unround, tongue fronting and lip spreading may not be articulatorily possible options to compensate for the perturbation. However, it is not entirely clear how raising the tongue tip and dorsum effects a raise in F2. Likewise, for o-up it was found that hyper-articulation (extra tongue backing and lip rounding) was employed to compensate for the perturbation, whereas for e-down, we see no hyper-articulation, just as we see no hypo-articulation for e-up. It is the articulatory results from o-down which are the most surprising. Firstly, it can be seen that there are several articulatory variables which are significantly different between the start and hold phases for o-down -which had no significant effect in acoustical terms. The displacement TBx, TBz and TTx in the hold phase are all significantly different from their positions in the start phase: the tongue moves up and backwards. It could be that these differences reflect a changes in articulation, but not a systematic response to the formant perturbation. However, when we examine the Firstly, it seems peculiar that such a systematic articulatory response could have no obvious acoustic effect. It might be the case that other articulatory variables become more unstable, effectively wiping out the acoustic effects that the systematic articulatory responses might cause. To test this hypothesis, the timeseries for each articulatory channel was detrended by a moving average filter with a 31-sample hamming window, producing two timeseries: the moving average, and the residual. The standard deviation of the residual was computed for each vowel condition and articulatory variable, and then averaged over all articulatory variables. e-up had a mean standard deviation of 0.74, e-down 0.76, o-up 9.4, and o-down 9.8. In general, the responses to /o/ seem to be more variable overall, but there is no appreciable difference to be seen for o-up versus o-down, and so this line of explanation seems unappealing. Secondly, it is quite unexpected that shifting F2 both up and down for /o/ induces tongue backing. In the first case, tongue backing is a well-known articulatory means to lower F2, and should come as no surprise as the articulatory correlate of the subject's compensation (F2 lowering) to the perturbation (F2 feedback raising). However, it seems paradoxical that precisely the 'wrong' articulatory response should be seen for o-down. We might expect tongue-fronting (in the case of compensation) or no response (in the case of no acoustic compensation), but instead we see the opposite expected articulatory response, a sort of 'anti-compensation' which somehow fails to result in any significant acoustic change. It is possible that some antagonistic mechanism is cancelling out the expected F2-lowering effects of tongue backing, but the only other significant response we see is the height of the tongue body. It is not immediately clear how this response affects F2, and the acoustical modelling requried to appropriately address this question is outside of the scope of this discussion.
CONCLUSION
The results examined here open up a wide arena for discussion and further research. Several key issues have emerged from this single-subject study. Firstly, it appears that articulatory responses to formant perturbation are variable in several different fashions. In the first sense, we see variability in that the identity of the phoneme seems to have an effect on the articulatory response to the formant perturbation: we saw several distinct mechanisms deployed to compensate for F2-raising: for /o/ we saw tongue backing and lip protrusion, and for /e/ we saw lip compression and tongue-tip raising. The third, and most surprising finding, was to see articulatory anti-compensation in o-down. In theoretical terms, these findings indicate that internal models of acoustic/articulatory correspondences may be phoneme specific, since we see distinct patterns of response for different phonemes that do not appear to be constrained by fundamental physiological constraints. Additionally, internal models may be 'degenerate' or 'patchy' in the sense that there are some zones of acoustic space which cannot be successfully mapped onto articulatory space. This might be the case for o-down, where we saw no acoustic compensation, and a sort of acoustically-inert anti-compensation in articulation. In this single-subject study we demonstrated the articulatory complexity which underlies the acoustic response to real-time formant perturbation. A good deal more work is required to see what features of articulatory response generalize across subjects, whether we see speakers that use similar articulatory mechanisms to compensate for perturbations of all vowels (unlike for this subject), and whether we find any speakers which genuinely fail to respond to formant perturbation. Here we demonstrated that, even in the absence of acoustic compensation, there may be systematic responses at the level of articulation.
